Introduction
Fibrotic diseases can affect any organ or tissue in the body and represent a leading cause of morbidity and mortality (1) . Despite this, therapies are relatively ineffective, in part because they do not directly target the mechanism of fibrosis. Therefore, better understanding of responses to injury specifically in matrix-depositing cells is important for identifying potential therapeutic targets directed at restoring organ function. Previously, there have been reports that myofibroblasts can be derived from multiple cell types, including epithelium and leukocytes (2) (3) (4) . Recent studies have indicated that the kidney has a large population of resident stromal cells lining the peritubular capillaries, known as pericytes, and they represent a major source of interstitial myofibroblasts in renal fibrogenesis, which deposit pathological matrix (1, (5) (6) (7) (8) . Pericytes have been implicated in skin as highly sensitive to local tissue injury and as guardians of extravasation of leukocytes to the site of tissue injury (9, 10) . Additionally, there have been multiple reports on the role of pericytes in the lung, retina, skeletal muscle, cancers, and Alzheimer's disease, presenting strong evidence that these cells might be promising targets for therapy (11) (12) (13) (14) (15) (16) (17) .
Injurious signals activate a range of responses in multiple cell types. Damaged epithelium generates TGF-β and other signals that promote wound healing (18) . Injured or dying cells release products, known as alarmins or damage-associated molecular patterns (DAMPs), detected by immune receptors in immune and nonimmune cells (19) . Surveillance mechanisms involve pattern recognition receptors: on the cell surface Toll-like receptors (TLRs) and in the cytoplasm NOD-like receptors, triggering activation of the innate immune response that promotes the recruitment and activation of leukocytes, critical for eliminating foreign particles and host debris. Cell adhesion molecules and chemokines facilitate leukocyte extravasation from the circulation to the affected site and initiate signals that regulate leukocyte motility and effector functions. Myeloid differentiation primary response gene 88 (MyD88) is an adapter molecule important for transduction of many of these injury signals and induction of genes encoding enzymes, chemokines, cytokines, adhesion molecules, and regulators of the extracellular matrix. A subset of cytosolic pattern recognition receptors, known as NOD-like receptors (NLRs), activates the protease caspase-1, which causes rapid maturation/secretion of preformed cytokines including IL-1 and IL-18 as well as inducing proinflammatory cell death, pyroptosis (20, 21) . Although this process is a natural response directed at wound healing and repair, in the case of impaired resolution, or persistent triggers in chronic disease, excessive inflammation and matrix deposition lead to pathology and organ dysfunction.
Here we investigate the mechanism of response to ischemic injury specifically in matrix-depositing stromal cells, pericytes, and, using in vitro and in vivo studies, demonstrate that pericyte MyD88 is a key regulator of injury responses. In pericytes, MyD88 controls immune signaling, which enables detection and amplification of the inflammatory signal; and simultaneously activates fibrogenesis, contributing to matrix deposition and pathology. We also show that pharmacological inhibition of MyD88 signaling by a novel IRAK4 inhibitor in vivo is protective in kidney injury and, therefore, could be a promising new therapy in postinjury care.
Fibrotic disease is associated with matrix deposition that results in the loss of organ function. Pericytes, the precursors of myofibroblasts, are a source of pathological matrix collagens and may be promising targets for treating fibrogenesis. Here, we have shown that pericytes activate a TLR2/4-and MyD88-dependent proinflammatory program in response to tissue injury. Similarly to classic immune cells, pericytes activate the NLRP3 inflammasome, leading to IL-1β and IL-18 secretion. Released IL-1β signals through pericyte MyD88 to amplify this response. Unexpectedly, we found that MyD88 and its downstream effector kinase IRAK4 intrinsically control pericyte migration and conversion to myofibroblasts. Specific ablation of MyD88 in pericytes or pharmacological inhibition of MyD88 signaling by an IRAK4 inhibitor in vivo protected against kidney injury by profoundly attenuating tissue injury, activation, and differentiation of myofibroblasts. Our data show that in pericytes, MyD88 and IRAK4 are key regulators of 2 major injury responses: inflammatory and fibrogenic. Moreover, these findings suggest that disruption of this MyD88-dependent pathway in pericytes might be a potential therapeutic approach to inhibit fibrogenesis and promote regeneration.
Pericyte MyD88 and IRAK4 control inflammatory and fibrotic responses to tissue injury Figure 1 . TLR2/4-and MyD88-dependent injury responses in pericytes. (A and B) Enrichment analysis of biological process ontology in human biopsies from acute kidney injury (AKI) patients compared with healthy controls (A) and myofibroblasts from control and kidneys with acute injury (B). Innate immune-related pathways are highlighted in red. The x axis of the graph shows −log P values calculated using t test for the enrichment of a specific pathway. ECM, extracellular matrix. (C) RNA expression levels of Il6 in pericytes, macrophages, and epithelial and endothelial cells. Translated RNA was isolated from unilateral IRI (U-IRI) and sham control kidneys 24 hours after injury. The y axis shows normalized intensity for Il6 transcript in microarrays; n = 3 per group. (D) Cytokine concentration in supernatants from cultured pericytes 24 ant roles in response to DAMPs and to require MyD88 for signal transduction (27, 28) . Pericytes responded to kidney DAMPs by secretion of a variety of cytokines, chemokines, and growth factors, most of which were exclusively controlled by MyD88, TLR2, and TLR4 ( Figure 1G ). We show that these injury responses in pericytes are conserved between mouse and human, as human kidney pericytes showed similar responses to LPS and DAMPs (Supplemental Figure 1 , D and F). DAMP activity was markedly diminished by proteases rather than nucleases (Supplemental Figure 2, A and B) , suggesting proteins are the major components of the DAMPs that are recognized by pericytes. Mass spectrometric analysis of DAMPs indicated significant enrichment for histones, nuclear proteins previously reported to be endogenous DAMPs (Supplemental Figure 2) . Some of the known DAMPs, such as high-mobility group protein B1 (HMGB1) as well as nuclear proteins including histones, particularly H4, have been shown to be released by injured cells and to activate TLR2 and TLR4 (27, 28) . Protein lysates of disease DAMPs showed significant levels of total histones, H4, or HMGB1, similar to mass spectrometry ( Figure 1H ; see complete unedited blots in the supplemental material). Incubation of pericytes with total histones, H4, or HMGB1 led to secretion of IL-6 and MCP-1, a partial response in Tlr4 -/-pericytes, and complete ablation of secretion in Tlr2/4 DKO and Myd88 -/-pericytes ( Figure 1I ). Similarly, silencing of Tlr2 or Tlr4 reduced responsiveness to DAMPs (Figure 1 , J and K, and Supplemental Figure 1G ). To validate further the role of pericytes as innate immune sentinels against tissue damage, comparative experiments in vitro suggested that pericytes were more sensitive to DAMPs than primary epithelial cells, or monocyte-derived macrophages (Supplemental Figure 1 , H and I). We therefore conclude that pericytes are highly sensitive to tissue injury and respond to endogenous DAMPs released from injured cells through activating TLRs and MyD88.
Kidney DAMPs activate the NLRP3 inflammasome in pericytes, leading to IL-1β secretion. The major proinflammatory cytokines IL-1β and IL-18 require a second signal, generated by a cytosolic NLR, to be cleaved to their mature forms and secreted from the cell (21) . Activated NLRs will oligomerize and recruit pro-caspase-1 to form an inflammasome that will process pro-IL-1β and pro-IL-18 for secretion. We show here that the NLR signaling pathway is enriched in myofibroblasts during response to injury in vivo (Supplemental Table 2 ). In vitro, pericytes secrete IL-1β and IL-18 when primed with LPS and stimulated with extracellular ATP, and this secretion is completely abolished in Nlrp3 -/-and Casp1/11 DKO pericytes, implicating activation of the NLRP3 inflammasome ( Figure  2A ). Pericytes primed with LPS accumulate pro-IL-1β intracellularly and release cleaved mature IL-1β with addition of ATP ( Figure 2B ). This activity is associated with increased NLRP3 expression, perhaps due to increased stability of the protein once it is assembled in an inflammasome complex ( Figure 2C ). NLRP3 inflammasome activation in response to sterile injury has been implicated in several noninfectious disease models (29) , and next we tested whether pericytes activate the NLRP3 inflammasome in response to kidney DAMPs. As predicted, IL-1β and IL-18 were secreted by pericytes cultured with DAMPs, and this secretion was dependent on the presence of NLRP3 and caspase-1/11 ( 
Results

Pericytes respond to injury in a MyD88-and TLR-dependent manner.
Following acute kidney injury, human kidney either regenerates, or develops fibrotic disease. We performed gene ontology analysis of the transcriptional profiles of biopsies from patients with acute kidney injury (22) , using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (23, 24) , and discovered strong enrichment for innate immune pathways among the top upregulated pathways associated with disease ( Figure 1A and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI87532DS1). Cell-specific analysis of injured mouse kidneys with fibrosis using a method known as translating ribosome affinity purification (TRAP) revealed an overwhelming number of innate immunity-related pathways, including cytosolic DNA sensing, cytokine-cytokine interactions, chemokine signaling, and TLR and NLR signaling ( Figure 1B and Supplemental Table 2 ), as being specifically upregulated during transition of pericytes to pathological myofibroblasts. This transition is associated with increased cellular proliferation and extracellular matrix deposition, eventually leading to metabolic disease and loss of kidney function. Consistently with these changes, among the most enriched pathways in myofibroblasts were DNA replication, cell cycle, extracellular matrix-receptor interaction, and pyrimidine and purine metabolism ( Figure 1B ). IL-6 is a major proinflammatory cytokine secreted during tissue damage. To our surprise, pericytes had significantly higher expression of Il6 compared with endothelial and epithelial cells and even macrophages in mouse kidneys following unilateral ischemiareperfusion injury (IRI), which is a good model for human acute kidney injury ( Figure 1C ) (25) . Together these in vivo findings suggested that innate immune responses may be important determinants of the fibrotic response to tissue injury and pericytes are the cells that initiate response to tissue injury, and active innate immune signaling in these cells contributes to disease progression.
To characterize innate immune signaling in pericytes, primary mouse kidney pericytes were isolated as previously reported (8) , and response to TLR ligands was detected by measurement of IL-6 and monocyte chemoattractant protein-1 (MCP-1) secretion. Pericytes express transcripts for TLRs and signaling adapters (Supplemental Figure 1, A and B) . Interestingly, TLR1/2 and TLR4 as well as TLR2/6, TLR3, TLR7, and TLR9 were competent in sensing their corresponding ligands, though TLR5 was not (Figure 1D and Supplemental Figure 1C) . Activation of TLR4 with LPS resulted in transcription and secretion of a broad array of inflammatory factors by pericytes, and this response was dependent on MyD88 ( Figure 1E ). Similar responses were recapitulated in primary human kidney pericytes (Supplemental Figure 1D) .
To model responses to ischemic tissue injury in vitro, we used DAMPs released from injured kidneys by collecting the soluble fraction of extracellular molecules 24 hours after IRI; a time corresponding to the peak of innate immune response and necrosis associated with injury (Supplemental Figure 2) (26) . Culturing pericytes with kidney DAMPs induced transcription of proinflammatory cytokines Il6, Il1b, and Tnfa; chemokines Ccl2 (also known as Mcp-1), Cxcl1 (also known as KC), and Cxcl2 (also known as Mip2); and adhesion molecules Icam1 and Vcam1 ( Figure  1F ). TLR2 and TLR4 have been previously shown to play import-jci.org
Volume 127 Number 1 January 2017 ( Figure 3H ). These findings directly implicate MyD88, TLR2, and TLR4 in the fibrogenic process. We sought to test whether this mechanism is evolutionarily conserved. Human pericytes treated with TGF-β, kidney DAMPs, or histones became activated and formed stress fibers visualized by staining with phalloidin, migrated to close a scratch wound, and induced expression of COL1A1 and ACTA2 (Figure 3 , I-K, and Supplemental Figure 4A ). Pharmacological inhibition of MyD88 using an inhibitor peptide that blocks homodimerization of MyD88 reduced myofibroblast differentiation ( Figure 3 , J and K) as well as expression of fibroblast markers in response to both TGF-β and DAMPs (Supplemental Figure 4 , B and C).
To understand the mechanism of the MyD88/TLR2/TLR4 regulation of fibrotic responses, we first tested whether previously reported antagonism between NF-κB and TGF-β pathways via the decoy receptor BAMBI or the inhibitory adapter SMAD7 was operative (34, 35) . Neither expression of BAMBI nor of SMAD7 was increased in the absence of TLR2/4 (Supplemental Figure 5 , A and B), demonstrating that inhibition of TGF-β and DAMP responses by TLR2/4 and MyD88 is mediated via a novel mechanism.
To dissect this novel mechanism, we tested whether MyD88-mediated responses require TGF-β signaling. While a pan-neutralizing antibody against TGF-β inhibited TGF-β-induced migration, it did not affect basal or DAMP-induced migration ( Figure 3L ), suggesting that in the latter case, TGF-β is not required for pericyte activation and migration is either ligand-independent or directly induced by other ligands such as histones, etc (36) . On the other hand, blocking TGF-β receptor I and II (TGFβRI/II) activation using the dual kinase inhibitor LY2109761 significantly inhibited basal, TGF-β-induced, or DAMP-induced migration as well as expression of smooth muscle actin and collagen I in human pericytes ( Figure 3 , L and M, and Supplemental Figure 5C ). Consistent with this crosstalk between MyD88 and TGFβRI/II pathways, protein levels of MyD88 are rapidly increased following TGF-β treatment. Silencing of MyD88 notably increased levels of TGFβRI and the 46-kDa isoform of JNK at baseline that were reduced in response to TGF-β while not affecting their active phosphorylated forms (Supplemental Figure  5D ). Therefore, convergence of NF-κB and TGF-β signaling occurs upstream at the receptor level, and we show that TGF-β receptor, TLR2/4, and MyD88 are required for fibrotic responses to injury.
Neither stimulation by IL-1β nor inhibition by IL1RA of pericytes had any effect on fibroblast differentiation (Supplemental Figure 3 , D-J), but silencing of Il1r1 reduced DAMP-stimulated collagen I expression (Supplemental Figure 3 , F and G). One possible explanation for this discrepancy between receptor blockade and receptor silencing is that IL1R1 may contribute in a ligandindependent manner to a profibrotic signaling complex. Nevertheless, IL-1 signaling predominantly affects inflammatory signaling by pericytes, and not profibrotic differentiation (36) .
Deletion of Myd88 in stromal cells is protective against ischemic injury in vivo.
We previously reported that deletion of Myd88 has a drastic effect and significantly alleviates inflammation and fibrogenesis (26, 37) . Although macrophages have been extensively studied as classic immune cells recognizing danger signals and responding by turning on inflammatory responses, deletion of Myd88 specifically in myeloid lineage did not affect IL-1β production in response to DAMPs required MyD88-and TLR2/4-dependent priming ( Figure 2F ). We further confirmed the relevance of this innate immune activation in vivo by staining kidney sections of control (sham-operated) and experimental mice 1 day after IRI with antibodies for proinflammatory cytokines and chemokines. While control kidneys had no detection of these immune activation markers, injured kidneys showed intracellular accumulation of IL-6, IL-1β, and MCP-1 in pericytes ( Figure 2G) .
Pericytes respond to IL-1β signaling by amplifying inflammation. Recently, it was reported that IL-1 receptor activation can lead to severe renal epithelial cell damage in vitro and exacerbation of fibrotic renal disease due to increased proinflammatory cytokine release; however, other studies had reported a minor role for IL-1 receptor (30, 31) . Similarly to the TLR response, IL-1 signaling also requires MyD88 for signal transduction (32) . In addition to IL-1β, other cytokines from the IL-1 superfamily, such as IL-18 and IL-33, activate IL-1 receptor and require MyD88. Pericytes upregulate expression of the IL-1 receptor Il1r1 in vivo following ischemic injury (Supplemental Figure 3, A and B) . To test whether pericytes respond to IL-1 cytokines, we treated them with exogenous, recombinant IL-1β and detected a strong response by measuring secretion of IL-6 and MCP-1, demonstrating that pericytes have active IL-1 signaling, and this response is dependent on MyD88 ( Figure 2H and Supplemental Figure 3C ). Therefore, DAMP-treated pericytes not only release IL-1β but are also able to respond to this cytokine, thereby amplifying the inflammatory response. To characterize this autocrine response to IL-1 cytokines produced in response to injury, we activated pericytes with kidney DAMPs in the presence of IL-1 receptor antagonist (IL1RA) and showed a 43.5% reduction of Il6 expression ( Figure 2I ), emphasizing a role for IL-1 signaling in amplifying proinflammatory responses to injury. Silencing of Il1r1 in pericytes inhibited IL-6 and MCP-1 reduction further, suggesting there may be a broader role for the receptor in pericyte activation than binding to IL-1 ( Figure 2 , J and K).
MyD88 regulates migratory and fibrotic responses in pericytes. Pericytes have been shown to play important roles in injury responses, by proliferating, migrating away from capillary walls, and activating an extracellular matrix deposition program (6, 33) . Morphogens and developmentally regulated cytokines including PDGFs, WNTs, and the TGF-β superfamily are well recognized to contribute to this process (1, 18) . We tested whether MyD88 played a role in these responses. In a scratch-wound assay, mouse pericytes migrate in response to TGF-β and upregulate the transcription of genes encoding the fibrotic matrix protein collagen I (Col1a1) and the contractile protein αSMA (Acta2), thereby mediating fibrotic contraction (Figure 3, A-D) . Unexpectedly, Myd88 -/-pericytes did not migrate in response to TGF-β and expressed significantly less Col1a1 and Acta2 (Figure 3 , A-D), thereby demonstrating that MyD88 is critical in TGF-β-induced pericyte activation. Similarly to TGF-β, kidney DAMPs induced pericyte differentiation into fibroblasts associated with increased migration, transcription of collagen I, and αSMA expression, and MyD88 was required for this differentiation (Figure 3, E-G) . Interestingly, both responses to TGF-β and kidney DAMPs were mediated by TLR2 and TLR4 as demonstrated by the failure of Tlr2/4 DKO pericytes to migrate or express fibroblast markers (Figure 3, A-G Figure 6 , A-C). Mice were subjected to kidney IRI and evaluated 5 days after surgery for injury, fibrotic, and Figure 4D ). Because of the potential role of epithelial or myeloid cells in innate immune sensing following initial kidney damage, we deleted Myd88 specifically in epithelial cells using Six2-Cre Myd88 fl/fl mice or in myeloid cells using Csf1R-iCre Myd88 fl/fl mice. We did not detect differences in disease extent or inflammatory responses in comparison with WT mice (Supplemental Figure 6, E and F) .
Inhibition of IRAK4 is protective against ischemic injury in vivo. We observed that multiple signaling pathways converge on MyD88 to promote inflammation and fibrosis in pericytes. We reasoned that signaling adapters downstream of MyD88 might be good pharmacological targets. In macrophages, IRAK4 is a serine/threonine protein kinase that is rapidly recruited by MyD88 following activation of TLR or IL-1 receptor and plays a critical role in innate immune response and activation of NF-κB inflammatory responses (Figure 4) . WT mice had severe disease as indicated by increased inflammatory markers, neutrophil influx (Figure 4 (Figure 4 , F, G, I, and J). Further confirming our findings of a MyD88 role in myofibroblast differentiation, these Myd88 mutant mice also showed reduction in fibrosis measured by Sirius red staining and cologically inhibited by targeting of MyD88-dependent signaling, we generated a novel small-molecule inhibitor of IRAK4 with exceptionally high potency and specificity. The novel small molecule, designated BIIB-IRAK4i, potently blocks phosphorylation of IRAK4 in vitro with an IC 50 of 1 nM (Supplemental Figure 8, A and B) . BIIB-IRAK4i showed a very high affinity signaling (41) . We first confirmed that pericytes express Irak4, then silenced Irak4 in mouse pericytes and showed that basal, LPS-induced, and TGF-β-induced inflammatory and profibrotic responses require Irak4 ( Figure 5 , A-C, and Supplemental Figure 7 , A and B). To investigate whether inflammatory and fibrotic responses to injury in human pericytes can be pharma- K4i similarly inhibited inflammatory markers as well as markers of epithelial injury and fibrosis (Supplemental Figure 9 , D-F).
Discussion
Here we report a key role for MyD88 and IRAK4 signaling in nonimmune cells, pericytes, in driving fibrotic disease. MyD88 has been shown to control important responses in immune cells in TLR and IL-1 signaling, and here we demonstrate that it plays a similar role in these 2 important pathways in pericytes. While TLR2 and TLR4 were identified as important pericyte receptors recognizing DAMPs, MyD88 appears to form a central node processing signals from TLRs and amplifying inflammatory signals from IL-1 receptor, and we show here that in pericytes this signaling contributes not only to chemokine production, cytokine production, and leukocyte recruitment but also to fibrogenesis (Figure 7) . Controversy persists as to the origin of myofibroblasts. Work from Kalluri's and other laboratories points to myofibroblast appearance from epithelial cells or myeloid progenitors in addition to resident fibroblasts (2-4). While epithelial and myeloid lineages are capable of fibrogenic transdifferentiation, other laboratories, including Humphreys's, McMahon's, and our own (6, 7, 24) , demonstrated using genetic fate-mapping studies that pericytes are fibroblast progenitors and make a major contribution to scar-forming myofibroblasts. The present studies focus on the mechanism and pathology of injury sensing by pericytes rather than the origin of myofibroblasts.
Until recently, leukocytes have been thought of as principal regulators of inflammatory response, but the findings presented here point to a nonimmune cell lineage that makes an important contribution in response to tissue injury. While deficiency in MyD88 showed a significant improvement in the IRI models of kidney injury, deletion of Myd88 specifically in the myeloid lineage had no impact (26) . This finding combined with our in vitro and in silico analysis of pericyte responses to injury (Figure 1 ) led us to wonder whether pericytes may be playing a key role in this injury model. Our hypothesis was confirmed when depletion of MyD88 in pericytes phenocopied the total deficiency of MyD88. In addition to playing a vital role in vascular homeostasis and angiogenesis (42, 43) , pericytes have recently been recognized as important precursor cells for cells that deposit pathological matrix, and our studies highlight how activation of TLR2, TLR4, and MyD88 in pericytes contributes to this fibrogenic process. Although growth factors, morphogens, and hypoxia are well described as contributing to fibrosis by driving fibroblast activation, the observations in these studies suggest that simultaneous signaling through MyD88 and its adapter IRAK4 is a prerequisite for the pathological fibrogenic response. This observation may explain why abundance of growth factors and activation of similar growth factor signalling pathways in development and organogenesis do not result in fibrosis. Current models of fibrogenesis point to leukocytes initiating inflammatory response and signaling to fibroblasts, but our new observations lead to the hypothesis that inflammatory signaling and growth factor signaling converge within a single cell type to result in fibrosis, and MyD88 and IRAK4 play central roles in this process (Figure 7 ). Here we show that in the myofibroblast precursors both the profibrotic TGF-β receptors and TLR/MyD88 are required for myofibroblast differentiation, and we suggest that for IRAK4 with a K D of 0.034 nM, and a screen of its activity in the DiscoverX 456-member kinase panel indicated it to be highly selective and most potently inhibit its target IRAK4, with a second ranked inhibition mapped to IRAK1, which is downstream of IRAK4 in the MyD88 signaling pathway (Supplemental Figure 8, A and B) . In comparative studies, BIIB-IRAK4i had 230-fold higher affinity and 120-fold greater potency for IRAK4 over IRAK1.
In mouse primary kidney pericytes, BIIB-IRAK4i demonstrated significant inhibition of both TLR4 and IL1R1 responses, by 80% and 57%, respectively ( Figure 6 , B, D, and G), production and deposition of fibrotic matrix ( Figure  6 , C, E, and H), and pathological differentiation of myofibroblasts ( Figure 6, F and I) . In additional studies, the function of the kidney 16 days after injury was evaluated, by performance of nephrectomy of the healthy kidney 14 days after ischemic injury. BIIB-IRAK4i resulted in preservation of kidney weight, and preservation of glomerular filtration rate assessed by creatinine clearance ( Figure  6 , J and K, and Supplemental Figure 8 , J and K). Furthermore, after 14 days of treatment, BIIB-IRAK4i persistently suppressed inflammatory and fibrotic markers in kidney tissue (Supplemental Figure 9, A-C) . To distinguish the role of IRAK4 inhibition in limiting initial injury severity versus chronic disease extent following the phase of regeneration, we delayed administration of the inhibitor for 24 hours after initial IRI. In these therapeutic studies, BIIB-IRA- ic differentiation. By inhibiting IRAK4, which is downstream of many MyD88-dependent receptors, including IL-1 receptor (Figure 7) , we have had a greater impact on the progressive responses to kidney injury than by simply blocking IL-1 signaling. Our findings have important implications for the development of novel therapies for fibrosing disease, in which downstream effectors of MyD88 activation including IRAK1, IRAK4, and TRAF6 may be important novel targets (49) . In this study we show that pharmacological inhibition of MyD88 signaling using a novel orally bioavailable small-molecule inhibitor of IRAK4 blocks human pericyte activation responses ex vivo, and can be safely administered to reduce MyD88 signaling in vivo, to benefit the tissue response to injury. Moreover, independent observations suggest that IRAK4 is a potential target for chronic inflammatory disease (30) .
We conclude that pericytes possess unique properties and activate both inflammation and fibrogenesis in response to tissue injury via a TLR-and MyD88-dependent mechanism, leading to cytokine and chemokine production, recruitment of leukocytes, increased tissue damage, and extracellular matrix deposition, and pharmacological inhibition of this response dials down inflammatory and fibrotic responses while promoting regeneration.
Methods
Materials were from Sigma-Aldrich unless stated otherwise.
Pathway enrichment analysis. Gene profiling of human acute kidney injury compared with healthy kidneys, pericytes/fibroblasts, and other cell lineages from healthy and injured kidneys by TRAP was previously reported (22, 24, 25) and data sets deposited to GEO DataSets. For enrichment analysis of biological process ontology, differentially expressed genes were analyzed in DAVID (23) , and processes were selected based on P less than 0.05. DAMP preparation. IRI and healthy kidney DAMPs were collected 24 hours after surgery under sterile conditions using methods previously described (26) . Histone H4 (Millipore) was used at a final concentration of 10 μg/ml, total histones (Worthington Biochemical) at a final concentration of 10 μg/ml, and HMGB1 (Sigma-Aldrich) at a final concentration of 10 μg/ml.
Pericyte purification and culture. Mouse pericytes were purified from normal kidney of C57BL/6 WT, Myd88 -/-, Tlr2/4 DKO ,
Nlrp3
-/-, and Casp1/11 DKO mice with a magnetic affinity cell sorting system (Miltenyi Biotec) as described previously (8) . Human pericytes were purified from fetal human kidneys obtained following voluntary pregnancy interruptions (day 110 to day 130 of gestation) performed at the University of Washington Medical Center (IRB447773EA University of Washington) or through a sponsored research agreement with New England Medical Center as previously described (38) . Informed consent for the use of fetal tissues was obtained from all patients. The single-cell preparation was depleted of epithelial cells by passing through an anti-CD326 and lotus lectin magnetic bead Column (Miltenyi Biotec). Pericytes were further sorted as a population positive for PDGFRβ (1.5 μg/ml; BioLegend; catalog 323608) and negative for CD45 (1 μg/ml; BioLegend; catalog 304022) and CD31 (1:50; Pharmingen; catalog 555446). Pericytes were cultured in pericyte medium as previously described (8) on 0.2% gelatin-coated plates. Purity of pericyte cultures was confirmed by FACS to represent >99% PDGFRβ + populations and these 2 major pathways may cooperate, whereby TLR and MyD88 transduce profibrotic signaling by TGF-β receptor transactivation. One potential explanation for the dependence of TGFβRI/II signaling on TLR2/4 and MyD88 is that this latter signaling pathway mediates ligand-independent activation of the TGF-β receptor, as has been reported previously (36) . Although further work is required to understand the molecular mechanism of MyD88 and TGFβRI/II transactivation, this signaling event may offer the possibility of novel approaches to block pathological signaling. While macrophages have a higher sensitivity and magnitude of response to pathogenic TLR agonists, we demonstrate that pericytes possess most immune receptors and pathways and are competent in a variety of immune responses with, perhaps, a reduced strength of such a response to pathogen ligands. The weaker response might be due to the nature of the tissue injury. While in the setting of pathogen exposure, the efficient response will be faster and stronger, in the setting of sterile tissue injury the magnitude of an inflammatory response has to be carefully controlled to prevent excessive tissue damage and simultaneously promote healing and regeneration. Pericytes seem to be specialized cells for sensing the tissue injury response combining injury sensing and wound healing properties ( Figure 7 ). Since many cells appear to have innate immune sensing capacity, it is likely that in chronic disease settings many cell types may become activated through TLR and MyD88 signaling. Our studies, however, point to pericytes of mesenchymal lineage as the cells that most strongly sense and respond to initial tissue injury. Our experiments predict that pericytes in other organs may serve a sentinel role in response to tissue injury. Hepatic pericytes have been reported to be activated by TLR4 in the setting of soluble pathogenic ligands transported to the liver via the splanchnic circulation (44) .
The findings presented here add to our understanding of TLR signaling in tissue injury and directly implicate MyD88-directed NF-κB signaling in the stromal compartment in the fibrogenic process, emphasizing a critical role for pericytes, cells of mesenchymal origin, in the innate immune response to tissue injury, and may explain the reported association of TLR, IL-1, and IRAK1 polymorphisms with fibrotic disease (45) (46) (47) .
In addition to activation of TLR signaling, we show that pericytes activate the NLRP3 inflammasome in response to tissue injury and secrete major proinflammatory cytokines IL-1 and IL-18. Consistently with studies in liver hepatocytes (48) , this report implicates pericytes as a significant source of inflammasomeactivated cytokines leading to recruitment of multiple leukocyte lineages. When MyD88 signaling was rendered deficient specifically in pericytes, we observed a 6-fold decrease in neutrophil recruitment and decreased numbers of activated proinflammatory macrophages in the kidney after ischemic injury.
We also show here that pericytes not only secrete and induce paracrine response to ILs but are also able to respond to IL-1 cytokines via a MyD88-dependent mechanism in an autocrine manner, thereby amplifying inflammation and potentially exacerbating fibrosis. Previous reports in ischemic kidney injury suggest that the blockade of IL-1β signaling by IL1RA has a very modest effect on kidney injury extent and progression to fibrosis (30) . Our studies highlight that while IL-1 stimulates enhanced inflammatory signaling in pericytes, it has little direct impact on fibrogen-jci.org Volume 127 Number 1 January 2017 compound or genotype. All studies were performed under protocols approved by Institutional Animal Care and Use Committees at the University of Washington or Biogen. Histology staining and evaluation. Kidneys were resected after systemic perfusion with ice-cold PBS. Paraffin-embedded sections of kidney fixed with neutral-buffered formalin were used for periodic acid-Schiff (PAS) and Sirius red staining. Epithelial injury was quantified in PAS-stained kidney sections as previously described (57) . Interstitial fibrosis was quantified in Sirius red-stained sections as previously described (6) .
Immunofluorescence staining. Mouse tissues were prepared and stained as previously described (58) . For fluorescence detection, primary antibodies against the following proteins were used for immunolabeling: αSMA-Cy3 (1:200, clone 1A4; Sigma-Aldrich), F4/80 (1:300; Life Technologies), PDGFRβ (1:400; eBioscience), Ly6G (1:400; eBioscience), and CD169 (1:100; LifeSpan Biosciences; LS-6188785). Cytokines were detected in pericytes using anti-PDG-FRβ antibodies to detect pericytes and the following primary antibodies to detect cytokines: anti-IL-1β (R&D Systems; 5 μg/ml), anti-MCP-1 (R&D Systems; 1 μg/ml), and anti-IL-6 (BioLegend; 1 μg/ml). Fluorescence-conjugated affinity-purified secondary antibody labeling (1:400-1:800; Jackson ImmunoResearch Laboratories), colabeling with DAPI, mounting with ProLong Gold/DAPI or VectaShield/ DAPI, and image capture and processing using confocal imaging were carried out as previously described (8) . Detection of apoptotic cells was performed using the In Situ Cell Death TUNEL Detection Kit (Roche) on paraffin sections, and quantification was performed as previously described (50) . Images were captured by confocal fluorescence microscopy (Zeiss LSM 710).
Western blotting. Kidneys were homogenized in ice-cold RIPA cell lysis buffer (Boston Bioproducts) including HALT protease and phosphatase inhibitor Cocktail (Thermo Fisher) with 1 mM PMSF using the Omni Bead Ruptor Homogenizer. Lysates were centrifuged for 10 minutes at 14,000 g, and the supernatant was taken for protein determination. Cell extracts containing 15 μg of protein were prepared in SDS sample buffer and subjected to SDS-PAGE. Proteins were transferred onto nitrocellulose paper. After the transfer, immunostaining was performed as previously described in detail. Antibodies were diluted 1:1,000 in blocking buffer. Bands were detected by the enhanced chemiluminescence (ECL) method (Pierce) as recommended by the manufacturer and luminescence captured by ChemiDoc MP Imaging system (Bio-Rad). The following primary antibodies were used: anti-histone H4 (Abcam; 1:1,000), anti-HMGB1 (BioLegend; 1:500), β-actin (Santa Cruz Biotechnology; 1:10,000), anti-HMGB1 (BioLegend; 1:1,000), anti-IL-1β (R&D Systems; 1:1,000), anti-NLRP3 (Fisher Scientific; 8N8E9, 1:1,000), anti-MyD88 (E-11; Santa Cruz Biotechnology; sc-74532, 1:1,000), and anti-TGFβRI (S-165; Aviva Systems; OAA100768, 1:1,000).
Quantification of secreted proteins. Secreted proteins were collected in cell culture supernatants as previously described (26) . Secreted proteins were measured by ELISA (IL-6, MCP-1, IL-1β, and IL-18) (R&D Systems or BioLegend) or by 20-plex cytokine magnetic bead array (Invitrogen) following the manufacturer's instructions.
Quantitative RT-PCR. Total RNA was extracted using an RNeasy Plus Mini Kit (Qiagen). Purity was determined by the A260/A280 ratio. cDNA was synthesized using oligo-dT and random primers be free of CD45 + , CD326 + , or CD31 + cells. All pericytes were studied at low passages (below passage 5). Cell culture assays. Ultrapure LPS (100 ng/ml), Pam 3 CSK 4 (300 ng/ml), FSL1 (100 ng/ml), Poly(I:C) (10 μg/ml), flagellin (100 ng/ml), gardiquimod (3 μg/ml), and ODN1826 (5 μM) were from Invivogen. ATP (5 mM) was from Sigma-Aldrich. IL-1β (10 ng/ml) and TGF-β (10 ng/ml) were from PeproTech. Recombinant human IL1RA (10 μg/ ml) was from PeproTech (catalog 200-01RA). MyD88 inhibitor from Novus Biologicals (NBP2-29328) was used at concentrations of 10 and 100 μM. TGF-β1,2,3 antibody, clone 1D11, was purchased from R&D Systems and used at 10 μg/ml. TGFβRI/II inhibitor LY2109761 from Selleckchem was used at 10 μM.
Pericytes (P3-P5) were cultured in 6-well gelatin-coated plates at a density of 4 × 10 5 cells/ml for 24 hours in pericyte medium.
Cells were then washed 5 times with PBS and cultured overnight in serum-free pericyte medium. TLR ligands at the above-stated final concentrations or 10%-20% kidney DAMPs in medium were used to activate cells. For transcriptional analysis, cells were washed in PBS, then lysed in Trizol or RLT buffer (Qiagen) at 3, 6, 16, 24, or 72 hours. For supernatant analysis, pericytes were cultured for 6 hours with activating factors, then washed 5 times with PBS before conditioning of full medium for 24 hours. Supernatants were harvested at 24 hours, centrifuged at 12,000 rpm to remove any particulate matter, and stored at -20°C before analysis. To quantify IL-1 cleavage by the inflammasome, pericytes were cultured in T75 flasks in 5 ml of supernatant. After conditioning, the supernatant was concentrated 50 times using Pierce Protein Concentrators 9K MWCO (catalog 87748) according to the manufacturer's instructions. Migration was evaluated in a wound-healing scratch assay in 96-well plates using IncuCyte from Essen BioScience. For gene silencing, specific siRNA or scrambled siRNA (Supplemental Table 4 ) from Thermo Fisher was transfected into pericytes at 40 pmol using RNAiMax Lipofectamine transfection reagent from Life Technologies 48 hours before the experiment using methods previously described (50) +/Cre were generated as previously described (6).
Six2-GFPCre and CSF1R-iCre were crossed with Myd88 fl/fl mice as previously described (51, 52) to bring about Myd88 locus recombination in kidney epithelium or monocytes and neutrophils, respectively. Experimental mice were identified by PCR to identify the floxed allele and the Cre insertion at the Foxd1 locus using primers as previously described (39) . Col1a1-GFP Tg , Tlr2 -/-, Tlr4 -/-, Tlr2/4 DKO ,
Myd88
-/-, Nlrp3 -/-, and Casp1/11 DKO were generated and genotyping performed as previously described (8, 37, 53, 54) and maintained on the C57BL/6 background. Kidney IRI studies were performed as previously described on mutant, littermate control, or C57BL/6J mice (55) . Mice were euthanized at 24 hours or 5, 7, 14, or 16 days after surgery. In some experiments a nephrectomy of the contralateral kidney was performed 14 days after IRI as previously described (56) . BIIB-IRAK4i (Biogen) in 250 μl of vehicle (50% PEG/citric acid) or an equal volume of vehicle alone was given by oral gavage at 75-100 mg/kg once daily to mice. All operators were blinded to the jci.org Volume 127 Number 1 January 2017
Statistics. Data are presented as the means ± SEM. Statistically significant differences between groups were determined by 2-tailed Student's t test, 1-way ANOVA, or 2-way ANOVA with Bonferroni correction for multiple comparisons with a 95% CI. A P value of 0.05 or lower was considered significant.
Study approval. Human studies were approved through University of Washington Medical Center (IRB447773EA University of Washington) or through a sponsored research agreement with New England Medical Center. All animal studies were performed under protocols approved by Institutional Animal Care and Use Committees at the University of Washington or Biogen.
